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Traumatic brain injury (TBI) is a public health concern as one of the main causes of death and disability
in the developed world. A precise evaluation of the brain in the first days after the lesion is critical for
patient management [1].
Magnetic resonance imaging (MRI) and spectroscopy (MRS) allow a good evaluation of the
morphologic damage and a properly correlation with the physiopathological mechanism that it leads.
The development of experimental models of TBI has proved to be a useful tool for the understanding
of the functional changes that happen in the brain as a result of this pathology and the investigation
of the mechanism underlying the cerebral lesion [2].
In the present work we wanted to evaluate the early brain evolution in a in a TBI rat model by using
magnetic resonance approaches. The main objective was to correlate in vivo and ex vivo studies of the
evolution of the lesion at a short period of time after the injury. In vivo analysis showed the early
citotoxic and vasogenic edema by measuring ventricle volume, and changes in prefrontal cortex (PFC)
perfusion, as there is an increase of cerebral blood flow (CBF) after the injury. Ex vivo measurements
detected an increase of cell death markers such as N-acetylaspartic acid (NAA) and lactate (Lac), and a
decrease with of the neurotrasmiters glutamine (Gln) and glutamate (Glu) with a posterior
recuperation of normal levels.
1. Carpentier, A. et al. , 2006  23:674-85J Neurotrauma ,
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2. Material and Methods
Animal model
All procedures with animals were carried out according European Union guidelines for the
management and care of experimental animals (86/609/EEC; D.L., 27.01.1992, number 116).
Diffuse brain injury was generated in adult male Sprague Dawley (220-250 g) following Marmarou’s
model with some modifications [3]. Healthy subjects were used as control. Briefly, to induce the
trauma a weight of 450 grams was dropped throw a polymetilmetacrilate tube from 1.8 m high on an
aluminium disk set on bregma in the rat’s skull (after a longitudinal cut in the scalp). We used 16
animals for the in vivo MRI study, 25 rats for the ex vivo MRS analysis (5 individuals for each time
point), and 5 rats as control subjects.
In vivo MRI/MRS studies
MRI acquisitions were carried out on a 7 T horizontal system (Bruker Pharmascan, Ettlingen,Germany),
a selective 1H resonator of 38 mm inner diameter, and a gradient system with maximum intensity 360
mT/m. Anesthesia was (isofluorane in oxygen, 1 L/min) was maintained during the experiment using a
mask. The physiological state of the animal was monitored using a physiological monitoring system by
measuring the respiratory rate and rectal temperature. The experiment consisted on four times of MRI
study: pre-impact and post-injury time 0 h, 6 h and 24 following the protocol:
T2W images in axial and coronal orientations (TR/TE = 3000/60 ms, in plane resolution =
137x137 mm ) to measure volume of the ventricles.2
Perfusion wheighted imaging (PWI) to determine haemodynamic parameters by using bolus
tracking technique: Magnevist as a bolus (0.3 mmol/kg b.w.) 10 s after starting acquisition (TR/TE
= 250/7 ms and 150 repetitions).
T1W images in axial orientations (TR/TE = 300/15 ms, in plane resolution = 137x137 mm ) to2
assess the integrity of BBB after TBI induction.
Spectra using PRESS sequences of two voxels placed in PFC and thalamus (TR/TE = 3000/35 ms,
128 averages, volume = 27 μL).
Data processing
Parametric perfusion color-based maps of cerebral blood volume (CBV), mean transit time (MTT) and
CBF were generated on a pixel-by-pixel basis using a home-made software application developed in
Matlab that uses the formulas showed in scheme 1.
Scheme 1
Sch. 1. Mathematical expression to calculate cerebral blood volume (CBV), mean transit time (MTT)
and cerebral blood flow (CBF) from temporal variation in transversal relaxation (R2*) with contrast
agent transit
The parametric images of CBV, MTT and CBF (figure 1) were analysed in four brain regions of interest:
PFC, somatosensory cortex, striatum and hippocampus.
Figure 1
Fig. 1. Perfusion parametric maps of a brain section in a rat: cerebral blood flow (left image),
cerebral blood volume (middle image) and mean transit time (right image) maps
Spectra were processed with LCModel programme [4] and the area of metabolites were measured and
relativized to the Cr+PCr peak area (figure 2).
Figure 2
Fig. 2. Example of a volume selected spectrum of a voxel (27 μL) placed in the thalamus (right
hemisphere) of a rat
3. Marmarou, A. et al.  1994, 80:291-300J Neurosurg
4. Provencher, S.W. NMR Biomed, 2001. 14:260-4;
3. Results
Ventricle volume variation
Ventricles size were measured in T2W images by using Image J programme (http://rsbweb.nih.gov.ij/).
Variations in volume revealed two patrons of behaviour:
: Some animals showed a decrease at 6 h, pointing out a brain swelling as aGroup 1
consequence of a citotoxic edema, followed by a high increase of the total ventricular volume
associated to a vasogenic edema.
: Those rats that suffered firstly an increase in the volume because of the vasogenicGroup 2
edema and some hours later, almost the final recovery of the initial ventricle size. This group
probably suffered the cytotoxic edema before 6 h.
These data are summarized in figure 3 and the corresponding images of a rat included in the group 1
is showed in figure 4.
Figure 3
Fig. 3. Percentage of ventricular volume variation, at different time points, relative to the initial size.
Group 1 at 6 h after the injury shows a brain swelling (decrease of ventricle size) as a consequence
of a citotoxic edema, followed by a vasogenic edema at 24 h (increase of ventricle size). At the
same temporal points, group 2 presents vasogenic edema at 6 h, and almost recovery of normal
size at 24 h after the TBI induction.
Figure 4
Fig. 4. T2 weighted images of a rat at t = 0h (image A), t = 6 h (image B) and t 0 24h (image C) after
de TBI induction. It is clearly detected the ventricle compression a t= 6h after the injury as a
consecuence of the vasogenic edema resulting from the blood brain barrier disruption righ after
the injury. At t = 24h ventricles recovered their normal size
Perfusion MRI studies
An increase in CBF was clearly detected just after the injury in PFC that recovered the initial basal value
in several hours (figure 5). The same behaviour was observed in CBV and just the opposite with MTT,
which decreased quickly and then increased again (data not shown). Changes in perfusion parameters
were not detected in any other region analysed.
Figure 5
Fig. 5. CBF evolution at different time points after TBI induction in prefrontal and somatosensory
cortex relative to an equivalent ROI placed in striatum. An increase in PFC right after the injury that
recovers basal values, at 24 hours is detected (p = 0,04, t = 0 h respect t = 24 h). Changes are not
appreciated in somatosensory cortex.
These data are in agreement with an early breakdown of blood brain barrier (BBB) that tends to
recover around half an hour after the TBI induction and could be appreciated in T1W images after
gadolinium containing contrast agent administration (figure 6).
Figure 6
Fig. 6. Gd enhanced T1 weighted MR images of a rat at differetn time points after TBI induction. A:
basal before de injury; B: right after de lesion (t = 0 h); and C: at 24 h later. At 0 h it can be
appreciated hiperintensity in the brain due to the breakdown of the BBB as an early consequence
of the trauma.
 In vivo spectroscopy
 MR spectra showed an important increase in lactate (Lac) concentration in prefrontal cortexIn vivo
after the impact (figure 7) that was maintained at high value al least 24 h later.
Figure 7
Fig. 7. Temporal evolution of in vivo lactate concentration in PFC, relative to total creatine. Before
the injury this metabolite was not detectable (ND) with this technique. After the impact it increased
without any later change up to 24 h
 Ex vivo HRMAS studies
Results obtained from the cerebral regions studied (PFC, somatosensory cortex, striatum and
hippocampus) showed the temporal evolution a set of metabolites providing structural and functional
information.
An increase of NAA and Lac, that did not return to the original values, was detected after the injury
(data not shown). This correlated with a relevant process of cellular death that correlated with results
obtained from in vivo spectra.
On the other hand, a gradual decrease of different neurotransmitters, as glutamate or glutamine, was
evidenced after lesion in all cerebral regions, indicating a loss of cells intercommunication or a
decrease of neuronal activity [5]. This behaviour reversed after few hours (figure 8).
Figure 8
Fig. 8. Temporal evolution of ex vivo Glu+Gln concentration in PFC, relative to total creatine
(HRMAS spectra acquired at TE = 36 ms). A decrease took place in the early hours after the injury
followed by a progressive recovery of initial values
5. Erschbamer, M., et al. Eur J Neurosci, 2011, 33:678-88
4. Conclusion
We describe here alterations detected by MRI and MRS in the first 24 h after the induction of a brain
injury. The main conclusions obtained are:
From T2W MR images: An inflammation reaction takes place compressing the ventricles followed by a
ventricle swelling in response to the increase of the total amount of water in the brain.
From PW MR images: A significant increased of CBF occurs, mainly in the prefrontal cortex, as a
consequence of the initial damage that induces a disruption of blood brain barrier with that recovers
integrity after few hours.
From MR spectra: In vivo and ex vivo studies show an increase of lactate in the brain after TBI
induction, indicating cellular death that is corroborated by the decrease in N-acetylaspartic acid. Ex
vivo results also detect an alteration in the Glu ⁄ Gln ⁄ GABA cycle [5] that revers within a few hours.
So, we conclude an increase in Lac and decrease in NAA associated with a permanent damage in cells,
and a reversible decrease in neuro-markers and neurotransmitters. In these lesions, to analyse the
cerebral damage in the first hours after the injury would be result of crucial interest.
5. Mediafiles
Figure 1
Fig. 1. Perfusion parametric maps of a brain section in a rat: cerebral blood flow (left image),
cerebral blood volume (middle image) and mean transit time (right image) maps
Figure 2
Fig. 2. Example of a volume selected spectrum of a voxel (27 μL) placed in the thalamus (right
hemisphere) of a rat
Figure 3
Fig. 3. Percentage of ventricular volume variation, at different time points, relative to the initial size.
Group 1 at 6 h after the injury shows a brain swelling (decrease of ventricle size) as a consequence
of a citotoxic edema, followed by a vasogenic edema at 24 h (increase of ventricle size). At the
same temporal points, group 2 presents vasogenic edema at 6 h, and almost recovery of normal
size at 24 h after the TBI induction.
Figure 4
Fig. 4. T2 weighted images of a rat at t = 0h (image A), t = 6 h (image B) and t 0 24h (image C) after
de TBI induction. It is clearly detected the ventricle compression a t= 6h after the injury as a
consecuence of the vasogenic edema resulting from the blood brain barrier disruption righ after
the injury. At t = 24h ventricles recovered their normal size
Figure 5
Fig. 5. CBF evolution at different time points after TBI induction in prefrontal and somatosensory
cortex relative to an equivalent ROI placed in striatum. An increase in PFC right after the injury that
recovers basal values, at 24 hours is detected (p = 0,04, t = 0 h respect t = 24 h). Changes are not
appreciated in somatosensory cortex.
Figure 6
Fig. 6. Gd enhanced T1 weighted MR images of a rat at differetn time points after TBI induction. A:
basal before de injury; B: right after de lesion (t = 0 h); and C: at 24 h later. At 0 h it can be
appreciated hiperintensity in the brain due to the breakdown of the BBB as an early consequence
of the trauma.
Figure 7
Fig. 7. Temporal evolution of in vivo lactate concentration in PFC, relative to total creatine. Before
the injury this metabolite was not detectable (ND) with this technique. After the impact it increased
without any later change up to 24 h
Figure 8
Fig. 8. Temporal evolution of ex vivo Glu+Gln concentration in PFC, relative to total creatine
(HRMAS spectra acquired at TE = 36 ms). A decrease took place in the early hours after the injury
followed by a progressive recovery of initial values
Scheme 1
Sch. 1. Mathematical expression to calculate cerebral blood volume (CBV), mean transit time (MTT)
and cerebral blood flow (CBF) from temporal variation in transversal relaxation (R2*) with contrast
agent transit
